A sensitive method involving alkaline hydrolysis and HPLC analysis has been developed to detect nanomolar levels of tryptophan dissolved in freshwater. The procedure includes 1) alkaline hydrolysis with nitrogen atmosphere in Teflonlined Pyrex tubes with 4.2 M sodium hydroxide at 110˚C for 16 h, in which ascorbic acid was used as an antioxidant; 2) a determination step, in which tryptophan was separated efficiently from other amino acids by HPLC and measured by fluorescence. The mean recovery for tryptophan standard was 91.4% with an RSD of 3.3%. Using this method, dissolved tryptophan concentrations ranged from 10.91 to 41.83 nM in water samples from Lake Biwa, Japan.
Introduction
Chromatographic methods have been developed for accurate determination of major amino acids dissolved in waters in the past twenty years. [1] [2] [3] [4] However, the analysis of tryptophan still remains unsolved due to its lability to acid and trace oxygen which are usually used for acid hydrolysis of water samples. Recently, the fluorescence similar to tryptophan standard fluorescence has been extensively studied in aquatic environments, and is usually categorized as tryptophan-like or protein-like fluorescence. [5] [6] [7] [8] [9] It is still unclear whether the tryptophan-like fluorescence is related to tryptophan since no tryptophan data are presently availabile.
In addition, tryptophan, as an essential amino acid, may have a nutritious value to aquatic organisms; 10 its concentrations and nature are a mystery in aquatic environments. A sensitive method for tryptophan is badly needed for aquatic biogeochemical studies.
Acid hydrolysis has been modified for tryptophan analysis in proteins. 11, 12 However, these methods may not be suitable for determination of tryptophan in waters due to the presence of carbohydrate. Rapid vapor-phase acid hydrolysis was once used for tryptophan analysis in peptides and proteins but with low recovery. 13, 14 Enzymatic hydrolysis was reported to give partial hydrolysis in most cases. 15 Alkaline hydrolysis may be the most likely means of obtaining a quantitative tryptophan concentrations in waters. 15, 16 Methods have been developed in improving tryptophan recovery in proteins and food by choosing different alkali solution (e.g. NaOH, KOH, LiOH and Ba(OH)2), or by adding antioxidants (e.g. starch and lactose). [15] [16] [17] 19 Studies were also conducted in the 1990's for tryptophan determination in foodstuffs, and the authors suggested that best results can be obtained with barium hydroxide hydrolysis in an autoclave, followed by the addition of an internal standard (α-methyltryptophan) and by subsequent HPLC analysis. 17, 18 Because the use of barium hydroxide may result in BaSO4 and BaCO3 precipitation due to the SO4 2-and CO3 2-ions in water samples, the precipitate may adsorb tryptophan, thus affecting the recovery. In this study, sodium hydroxide was chosen as alkali solution, and Teflon-lined Pyrex tubes were used to avoid silicate formation during alkaline hydrolysis.
In this paper, experiments were designed to measure total amounts of tryptophan dissolved in freshwaters.
The effectiveness of different hydrolysis conditions and antioxidants was also investigated.
Experimental
Alkaline hydrolysis of water samples A 1 -3 ml volume of water sample was added into a Teflon tube (10 mm diameter) and then 200 µl antioxidant solution (equals to 200 µg) was added. Subsequently 10 M freshly prepared NaOH was added, reaching a final concentration of 4.2 M NaOH. The Teflon tube was then placed in a Pyrex tube (12 mm diameter).
The Pyrex tube was constricted in the upper portion over a gas-oxygen flame and drawn to about 3 mm. The sample in the lower portion of the tube was not heated. The tube was subjected to high vacuum, then filled with N2, and finally sealed.
The sample was heated in a drying oven (Sanyo) at 110 ± 3˚C for 16 h unless stated otherwise. After the hydrolysis, the tube was allowed to cool at room temperature, and then opened. The hydrolysate was subsequently neutralized and adjusted to pH = 9 by cooled 2 M HCl in citrate buffer. The final mixture was applied to derivatization before separation by HPLC. fluorescent derivatives with orthophthaldialdehyde (OPA) developed in 1979. 20 The OPA solution was prepared by dissolving 0.135 g OPA in 5 ml MeOH and made up to 25 ml with borate buffer. On the day of use, 10 µl mercaptoethanol was added into 2 ml OPA stock solution. Boric acid (0.62 g in 25 ml Milli-Q water) can be used within 2 weeks at room temperature.
Derivatization was performed in a 5 ml brown-glass bottle with Teflon-lined cap. A 20-µl volume internal standard (β-amino-1-butyric acid) was added into 240 µl neutralized hydrolysate. The reaction was initiated by the addition of 75 µl OPA reagent and shaking the mixture. After 2 min, the reaction was terminated by the addition of 150 µl boric acid. After 1 min, 25 µl of the final solution was injected into HPLC.
Apparatus and HPLC separation
Liquid chromatography was carried out using a Waters HPLC system to separate tryptophan from other amino acids. The system was equipped with quaternary solvent delivery system (constaMetric 4100 and constaMetric 4100 Bio, Thermo separation products), high-pressure solvent mixing module, Rheodyne 8125 injector, a Waters analytical column (Spherisob ® 5 µm ODS2, 4.6 × 250 mm), a Waters Guard-Pak guard column, CTO-6A column oven (Shimadzu), fluorescence detector (L-7480, Shimadzu) and Chromatopac C-R6A (Shimadzu).
Both analytical and guard columns were maintained at 30˚C. Solvent A was a 90% acetate buffer and 10% acetonitrile mixture with 1.5% tetrahydrofuran. The acetate buffer was 0.05 M sodium acetate trihydrate, which was titrated to pH = 6.8 by acetic acid. Solvent B was 100% acetonitrile. Samples were eluted at a flow rate of 1.5 ml min -1 following a gradient from 100% A to 100% B over 30 min. The analytical precision expressed as relative standard deviation from multiple standard injections of 25 µl was less than 3.5% for tryptophan.
The fluorescence was monitored at excitation/emission (Ex/Em) 336/445 nm wavelengths.
Results and Discussion

The effect of neutralization processes on tryptophan recovery
Prior to HPLC analysis, alkaline hydrolysate must be neutralized. Destruction of tryptophan was found to be significant when the hydrolysate was directly neutralized using 6 M HCl. This is probably due to the instability of the indole side chain of tryptophan in the strong acid media. Recovery was about 10% lower with direct neutralization compared to that for gradual neutralization using cooled 2 M HCl in citrate buffer. The effect of final pH of the neutralized solution on tryptophan recovery was also investigated. The differences among pH 7, 8 and 9 were negligible when analyzed shortly after neutralization. It is also noted that 6 -7% of tryptophan was lost when tryptophan (36 nM) alkaline hydrolysates were stored for 24 h in the presence of oxygen at room temperature, demonstrating its lability. In the following experiments, all alkaline hydrolysates were gradually neutralized, and analyzed within 5 h after hydrolysis.
The effectiveness of starch, lactose and ascorbic acid in protecting tryptophan in alkaline hydrolysis
Starch and lactose were used as antioxidants to protect tryptophan against oxidation in alkaline hydrolysis of proteins and feeding stuffs. 15, 16 In this study, commercial starch was tested, and results show that blank hydrolysate contained high levels of fluorescent materials, causing a high chromatographic background. Similar results were also reported by BeckAndersen. 16 The use of starch as an antioxidant was discontinued in this study since tryptophan concentrations were very low. Both lactose and ascorbic acid did not have tryptophan contamination when used as antioxidizing reagents. Both improved tryptophan recovery, but ascorbic acid was more effective ( Table 1 ). The protection mechanism of lactose is probably similar to that of starch: The polysaccharide removes residual traces of oxygen in the hydrolysis by incorporating the oxygen into products that do not react with tryptophan. 15 The higher tryptophan recovery in water samples than in Milli-Q water ( polysaccharides in water samples. It is unclear why ascorbic acid was an effective protector. One possibility may be that some oxidative reactions in the hydrolysis mixture, which can greatly alter tryptophan, may be blocked by ascorbic acid, as reported previously. 2, 21 For water samples and Milli-Q water, the recovery for tryptophan standard ranged from 88.9% to 96.4%, with an average of 91.4% when four different levels of standard (<150 nM) were tested ( Table 1 ). The relative standard deviation (RSD) was 3.3%. The analytical precision and recovery were comparable to previous reports of tryptophan determination in feed.
17,18
The effectiveness of alkaline hydrolysis with respect to time, alkaline concentration and temperature
Little is known about tryptophan-containing proteins or peptides dissolved in aquatic environments, thus the hydrolysis efficiency of model proteins or peptides can not be investigated. It was reported that most tryptophan-containing bonds in proteins and peptides can be hydrolyzed adequately in 4.2 M alkali at 110˚C for 16 h, and higher than 95% tryptophan can be recovered. In order to choose the best hydrolysis condition, tryptophan recovery and concentrations in water samples were obtained with respect to different times, alkaline concentrations and temperatures (Fig. 1) . Tryptophan concentrations detected in >3.5 M NaOH and >12 h remained constant in water samples, but were slightly higher than those in <3.5 M NaOH and <12 h, indicating that most tryptophan-containing bonds in dissolved proteins and peptides in water samples can be hydrolyzed adequately under the conditions: >12 h and >3.5 M NaOH. The effect of temperature was insignificant, since there was no obvious difference for recovery from 90˚C to 150˚C (Fig. 1) . For tryptophan standard, the recovery was almost the same, 89.1%, with respect to time, concentration and temperature when 36.2 nM of tryptophan standard was added. These results suggest that alkaline hydrolysis condition (110˚C, 16 h and 4.2 N alkali), also recommended by a previous study, 15 is appropriate for tryptophan analysis in waters with satisfactory recovery. Figure 2 shows separation of tryptophan and other amino acids by HPLC. It is shown that tryptophan was separated efficiently from other amino acids. The use of an internal standard allows accurate determination of tryptophan concentrations.
HPLC separation and determination of tryptophan in water samples
Total dissolved tryptophan concentrations detected in water samples from Lake Biwa are shown in Table 2 . Samples were filtered through glass-fiber filters immediately after sampling, and were frozen until analysis. Hydrolysis and HPLC analysis was conducted within 20 days of sample collection. Dissolved tryptophan concentrations detected were in the range of 10.91 -41.83 nM, with an average of 24.33 ± 0.88 nM. They accounted for 0.66 -1.28% of total dissolved amino acids ( Table 2 ), indicating that tryptophan was a minor component among the amino acids. Since dissolved free tryptophan was below the detection limits when water samples were directly applied for HPLC analysis, dissolved tryptophan may be mainly bound in the waters. This is similar to other amino acids reported to be primarily in combined species rather than in free dissolved species in aquatic environments. 4 There are only a few reports regarding dissolved free tryptophan in some water samples. 3, 9, 22 Tryptophan concentrations in marine algae and bacteria were also reported. 6 However, this is the first data on the dissolved tryptophan determination in natural waters. 1065 ANALYTICAL SCIENCES SEPTEMBER 2001, VOL. 17 Fig. 2 Chromatographic separation of tryptophan from other amino acids by HPLC. A: amino acid standard; the tryptophan was 75 nM, other amino acids were 60 nM each; B: alkaline hydrolysate of 2.5 m surface water sample in Lake Biwa; Internal standard was β-amino-1-butyric acid. The peaks in the chromatograph represented: 1, aspartic acid; 2, glutamic acid; 3, serine; 4, histidine; 5, glycine; 6, threonine; 7, alanine; 8, arginine; 9, tyrosine; 10, valine; 11, methionine; 12, isoleucine; 13, phenylalanine; 14, leucine. The alkaline condition was 110˚C, 16 h, and 4.2 M NaOH. 
